The nucleotide sequence complexity of 60-70S RNA of Rous sarcoma virus was determined from the molar yields of 11 pure oligonucleotides of known chain length, obtained from [32P]RNA of Rous sarcoma virus by Ti RNase digestion and two-dimensional polyacrylamide gel electrophoresis. We calculate an apparent chain length of about 9800 nucleotides, corresponding to a molecular weight of 3.4 X 106. Assuming the molecular weight of 60-70S RNA of Rous sarcoma virus to be about 107, our data suggest that the virus genome consists of identical, or very similar, nucleotide sequences repeated three to four times.
Avian RNA tumor viruses contain several species of RNA, the largest of which is believed to be the genetic material (1) . From the sedimentation coefficient (60-70S) and the relative electrophoretic mobility the molecular weight of this RNA was estimated to be about 107 (2) (3) (4) . Upon denaturation it is converted into RNA with an apparent molecular weight of 3 X 106 (3) (4) (5) . These observations have led to the conclusion that the genome of avian tumor viruses consists of an aggregate of three to four subunits, each with a molecular weight of about 3 X 106 (5, 6) . In order to determine the coding capacity of the viral genome, it is necessary to establish whether the subunits are similar or different with regard to their nucleotide sequence. From a study of hybridization kinetics of RNA of Rous sarcoma virus (RSV) to its complementary DNA, it was concluded that the subunits are different, and that the sum of their molecular weights is about 9.3 X 106 (7) .
In this paper we describe a chemical approach to the same problem. We have determined the molar yield of a number of well-characterized, pure oligonucleotides derived from 60-70S [32P]RNA of RSV (Schmidt-Ruppin strain), which, on the basis of their chain length and partial sequence data, are expected to occur only once in 107 daltons of RNA. From these data we calculate an apparent total chain length, which in this paper will be referred to as "nucleotide sequence complexity" or "complexity." The number obtained, 9,800, implies that the nucleotide sequences of 60-70S RNA of RSV are repeated three to four times.
MATERIALS AND METHODS
Cells and Viruses. Chicken embryo fibroblast cultures were grown as described (8) . Rous sarcoma virus (Schmidt-Ruppin strain, subgroup D) derived from a stock virus described by Altaner and Temin (9) was cloned (10) and passaged twice before use. Cell cultures infected with about 0.5 focus-forming unit/cell and transferred 3-5 days later (8) were used for labeling experiments.
Preparation of 32P-labeled RNA. RSV [32P]RNA was prepared from 5 to 10 confluent cultures of RSV-infected chicken cells essentially as described (8) phenol extraction) and 0.8 ml of isopropanol were added to the combined washes. After 12 hr at -20°, the precipitate was collected by centrifugation, washed with 60% isopropanol, transferred to a polyethylene sheet, and dried as above. An average of 80% of the radioactivity was recovered from the gel disc. The samples were analyzed after digestion with pancreatic RNase (Worthington, Freehold, N.J.) as described by Adams et al. (14) .
Radioactivity Measurements. Radioactivity of dried samples was determined by liquid scintillation counting (15) . Radioactivity in gel discs was measured by counting of Cherenkov radiation (16) . The reproducibility and proportionality of this method was equal to that of liquid scintillation counting, but the counting efficiency was 2.6-fold lower. Input radioactivities were determined by Cherenkov counting of samples in tubes containing 0.5 ml of 1 M NaCl and a blank gel disc. The counting efficiency was the same whether the radioactivity was inside the gel or in the surrounding solution. The actual "input radioactivities" given in the figures and tables were obtained by subtracting from the measured input all losses accounted for (material remaining behind at the various transfers and on both sides of the gel strip cut out for the second dimension). The values subtracted varied between 10 and 20% of the input.
RESULTS
Fingerprint Analysis of 32P-labeled RSV RNA, 28S rRNA, and Qu RNA. 60-70S RSV [32PIRNA (see Fig. 1A ) was digested with RNase T1, and the resulting oligonucleotides were separated by two-dimensional gel electrophoresis (13) . In this system oligonucleotides are resolved mainly according to their nucleotide composition in the first dimension and to their chain length in the second dimension. In Fig. 2 Fig. 2 C) . If we consider only the well-resolved spots, designated by numbers, it is apparent that RSV RNA yields at most twice as many spots as Q# or 28S rRNA. The total number of T1 oligonucleotides of any size class obtained from an RNA is proportional to its complexity. Assuming that in most cases each numbered spot corresponds to one oligonucleotide, it would seem that RSV RNA has a complexity about twice that of Q# or 28S rRNA. 60-70S [32P]RNA of Rous associated virus-49 and avian myeloblastosis virus gave fingerprints indicating a similar complexity (data not shown).
Additionally, it should be noted that the fingerprints of 30-40S and 15-30S RNA of RSV (see Fig. 1B ) obtained after heat-denaturation were identical to those of 60-70S RSV [32P]_ RNA (data not shown). Therefore, none of the characteristic oligonucleotides appeared to be derived from the 4S RNA species known to be associated with high-molecular-weight avian tumor virus RNA (17) . Furthermore, it seems that 15-30S RNA is not a separate species, but more likely a degradation product of 30-40S RNA.
Quantitative Determination of the Complexity of RSV RNA. (i) Characterization of T1 oligonucleotides: Each typical T1 oligonucleotide contains only one guanosine residue, located at the 3' end. Degradation of T1 oligonucleotides with pancreatic RNase yields only the nucleoside 3'-monophosphates, guanosine-, uridine-, and cytidine-3'P, and oligonucleotides containing one or more adenosine residues followed by guanosine-, uridine-, or, cytidine -3-'P (secondary oligonucleotides). A T1 oligonucleotide was considered impure if, after treatment with pancreatic RNase, (a) more than one guanosine containing product was present or (b) a secondary oligonucleotide occurred in a nonintegral molar ratio (i.e., deviating by more than 0.2 mole) as compared to the guanosine-containing product. Since the quantitation of mononucleotides by the method used entails an error of i 30%, nonintegral ratios of cytidine and uridine monophosphate were not considered to be indicative of impurity.
The chain length was calculated as the sum of all nucleotides recovered after pancreatic RNase digestion (Table 1) , and is estimated to be accurate to ± i 10%. The (3,900 cpm) , and (C) Q, 8 [32P]RNA (1.87 X 106 cpm) were analyzed by two-dimensional gel electrophoresis. The first dimension gel (17 X 36 X 0.2 cm) was run at 500 V (30 mA) for 20 hr at 40 until the faster dye had migrated 21 cm. Strips of 1 cm width, comprising the area from 9 to 30.3 cm from the origin, were cut out and embedded in the second dimension gels (21.5 cm wide, 22 cm from strip to top). Electrophoresis was at 350 V (40 mA per gel) for 14.5 and 18 hr until the faster dye had migrated 13.5 cm (gel A) and 17 cm (gels B and C, respectively). Under these conditions many small oligonucleotides were lost from the top of the gel. The internal standard oligonucleotides from Q# RNA are marked with arrows. Areas marked with X were cut out to measure background, which in all cases was less than 10% or the radioactivity found in neighboring spots. Bars at the bottom of the drawings show the location of the first dimension gel strip. D1 and D2 give the position of the dye markers. Autoradiographs were exposed for 1 day.
ties different from any of the RSV oligonucleotides, Fig. 2 ) to the RSV [82P]RNA preparation before RNase T1 digestion. After fingerprinting, their recoveries were determined (Table  1) , and their purity was established by digestion with pancreatic RNase and analysis of the products.
An example of complexity determination with use of internal standardization is shown in Table 1 . The complexity, as determined separately for each of 11 oligonucleotides, varied from 6,700 to 10,700. Table 2 summarizes the results of four different experiments. The complexity of the 60-70S RNA of RSV was calculated to be 9,800 ± 2,500 nucleotides, corresponding to a molecular weight of (3.4 + 0.86) X 106.
DISCUSSION
In evaluating the results of our studies, several possible sources of error should be considered. We have assumed that the recovery of oligonucleotides from RSV RNA was similar to that of the external and internal standards. This might not be the case if, for instance, cleavages at residues other than guanosine, which are known to occur (especially at high RNase T1-to-RNA ratios), had selectively decreased the yield of oligonucleotides of one of the RNAs. However, experiments in which both sample and external standard were digested at a lower enzyme-to-RNA ratio yielded essentially the same Proc. Nat. Acad. Sci. USA 71 (1974) a The fingerprint for this experiment is shown in Fig. 2. b Some oligonucleotides (numbers 2, 9, 17, 20, 26, and 30, Fig. 2B ) were probably pure, but were excluded from this list either because they were analyzed in only one experiment or because they marginally failed to meet the strict purity criteria stated in the text. If these oligonucleotides were included in the sequence complexity calculations, the average value ws only 3% different from the average value given above.°A verage of determinations from two or three experiments. Our results, taken together with the molecular weight estimate of the total genome, lead us to the conclusion that the nucleotide sequences of RSV RNA are repeated three to four times. While it is presently not possible to decide whether such repeated sequences are identical or whether there is some variability, no evidence has been found so far to support the latter possibility. Fig. 3 shows several models for the organization 26 and 27) were specified by the viral genome, this would account for most or all of the available coding capacity of the virus.
